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The  carbon  coated  monoclinic  Li3V2(P04)3  (LVP/C)  powder  is  successfully  synthesized  by  a  carbothermal 
reduction  method  using  crystal  sugar  as  the  carbon  source.  Its  structure  and  physicochemical  properties 
are  investigated  using  X-ray  diffraction  (XRD),  scanning  electron  microscopy,  high-resolution  transmis¬ 
sion  electron  microscopy  and  electrochemical  methods.  The  LVP/C  electrode  exhibits  stable  reversible 
capacities  of  203  and  102mAhg_1  in  the  potential  ranges  of  3. 0-0.0  V  and  3. 0-1.0  V  versus  Li+/Li,  respec¬ 
tively.  It  is  identified  that  the  insertion/extraction  of  Li+  undergoes  a  series  of  two-phase  transition 
processes  between  3.0  and  1.6  V  and  a  single  phase  process  between  1.6  and  0.0  V.  The  ex  situ  XRD 
patterns  of  the  electrodes  at  various  lithiated  states  indicate  that  the  monoclinic  structure  can  still  be 
retained  during  charge-discharge  process  and  the  insertion/deinsertion  of  lithium  ions  occur  reversibly, 
which  provides  an  excellent  cycling  stability  with  high  energy  efficiency. 

©  2010  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Rechargeable  lithium-ion  batteries  have  been  considered  as  an 
attractive  power  source  for  a  wide  variety  of  applications,  such 
as  portable  electronic  products,  electrical  vehicles  (EVs),  hybrid 
electrical  vehicles  (HEVs).  To  meet  the  needs  of  these  Li-ion  bat¬ 
tery  technologies,  phosphate  polyanion  materials  based  on  either 
the  ordered  olivine  (e.g.  LiFeP04)  or  NASICON  (e.g.  Li3V2(P04)3) 
structures  have  been  identified  as  promising  high-safety  cathode 
materials  [1-4].  In  particular,  monoclinic  lithium  vanadium  phos¬ 
phate  Li3V2(P04)3  (LVP)  has  attracted  much  attention  due  to  its 
higher  specific  capacity  of  up  to  197  mAhg-1  and  operating  poten¬ 
tial  of  up  to  4.8  V  [3,4].  The  structure  of  monoclinic  LVP  (space  group 
P2i/n)  is  a  three-dimensional  framework  of  slightly  distorted  V06 
octahedra  and  P04  tetrahedra  linked  together  via  common  api¬ 
cal  oxygens  to  form  a  (V-0-P-0)n  bonding  arrangement,  which 
houses  Li+  ions  in  relatively  large  interstitial  sites  [4-7].  As  a  cath¬ 
ode  material  for  lithium-ion  batteries,  all  of  Li+  ions  in  the  lattice 
can  be  reversibly  extracted  out  and  inserted  back  again  with  good 
ionic  mobility  [8-10].  Similar  to  LiFeP04,  however,  the  LVP  suffers  a 
problem  of  low  intrinsic  electronic  conductivity,  which  inhibits  its 
wide  practical  application.  Fortunately,  carbon  coating  is  a  proven 
simple  way  to  improve  its  electronic  conductivity,  which  is  usu¬ 
ally  realized  by  introducing  an  organic  precursor  in  the  starting 
materials  of  the  synthesis  [8-10]. 
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Kalaiselvi  et  al.  in  2004  [11]  and  Ren  et  al.  in  2010  [12]  inves¬ 
tigated  respectively  LiFeP04  and  p-LiV0P04  as  possible  anode 
materials  for  lithium-ion  batteries.  Although  they  have  found  that 
a  reversible  capacity  of  around  300  mAh  g-1  can  be  measured  for 
LiFeP04  (3.3-0.0  V)  and  380  mAh  g-1  for  0-LiVOPO4  (3.5-0.0V), 
their  voltage  profiles  demonstrate  a  behavior  of  conversion  reac¬ 
tion  mechanism  that  leads  to  relatively  low  energy  efficiency  (less 
than  60%)  and  rather  large  initial  capacity  loss  (35%  for  LiFeP04  and 
32%  for  |3-LiV0P04).  These  results  indicate  that  these  two  materials 
are  not  superior  to  many  transition  metal  oxides  such  as  CoO  and 
Fe304  in  terms  of  electrochemical  properties. 

Different  from  LiFeP04  and  0-LiVOPO4,  the  monoclinic  LVP  has 
a  more  open  structure;  the  theoretical  density  is  3.65,  3.27  and 
3.04 gem-3  for  LiFeP04,  0-LiVOPO4,  and  LVP,  respectively.  There¬ 
fore,  it  is  possible  that  Li+  ions  can  insert  into  the  lattice  of  LVP 
without  causing  too  much  structure  change  and  hence  proceed  in 
an  intercalation  reaction  mechanism.  The  study  described  in  this 
communication  has  confirmed  this  idea.  Also,  by  introducing  the 
carbon  coating  in  the  LVP/C  composite,  excellent  cycling  stability 
can  be  achieved,  suggesting  that  LVP/C  is  a  very  promising  high- 
safety  anode  material. 

2.  Experimental 

The  carbon  coated  monoclinic  Li3V2(P04)3  was  synthesized 
by  a  carbothermal  reduction  method.  Stoichiometric  amounts  of 
Li2C03,  V205  and  NH4H2P04  were  dispersed  into  acetone  along 
with  40wt%  crystal  sugar,  and  then  the  mixture  was  bah  milled 
(rotating  speed:  around  200  r  min-1)  for  2  days  to  ensure  intimate 
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and  homogenous  mixing.  The  added  crystal  sugar  acted  as  a  carbon 
source  that  can  not  only  reduce  V5+  to  V3+  but  also  form  a  contin¬ 
uous  network  structure  of  carbon  for  electronic  conduction.  After 
the  ball  milling,  the  mixture  was  dried  at  70  °C  in  an  oven  to  evapo¬ 
rate  acetone  and  then  preheated  at  350  °C  in  N2  atmosphere  for  5  h 
to  expel  H20  and  NH3.  Finally,  the  precursor  was  reground  and  sin¬ 
tered  at  750  °C  for  16  h  under  flowing  N2  to  yield  the  Li3V2(P04)3/C 
composite.  The  residual  carbon  content  in  the  LVP/C  composite  is 
calculated  as  about  1 2.0  wt%  based  on  the  weight  variation  of  LVP/C 
after  its  oxidation  in  air  at  600  °C.  The  methodology  of  this  residual 
carbon  measurement  will  be  given  elsewhere. 

The  structural  analysis  of  the  LVP/C  composite  was  performed 
by  the  X-ray  diffraction  (XRD)  using  a  rotating  anode  X-ray  diffrac¬ 
tometer  (MXPAHF,  Cu  Ka  radiation)  in  the  20  range  from  10°  to 
60°  at  a  scan  rate  of  8°  min-1.  And  the  ex  situ  XRD  patterns  of 
LVP/C  electrode  at  various  discharge  states  were  obtained  using 
a  TTR-III  theta/theta  rotating  anode  X-ray  diffractometer  (Cu  Ka 
radiation)  with  a  low  scan  rate  of  2°  min-1  in  the  20  range  of 
10-60°.  The  morphology  of  the  LVP/C  composite  was  observed 
under  a  scanning  electron  microscope  (SEM,  JSM-6390LA)  and  its 
microstructure  was  examined  using  a  high-resolution  transmission 
electron  microscope  (FIRTEM,  JEOL-2010). 

Electrochemical  characterization  was  carried  out  with  coin-type 
cells  assembled  in  an  argon-filled  glovebox.  For  preparing  work¬ 
ing  electrodes,  a  mixture  of  LVP/C,  acetylene  black,  and  poly( vinyl 
difluoride)  (PVDF)  at  a  weight  ratio  of  80:10:10  was  pasted  on 
a  Cu  foil.  Lithium  foil  was  used  as  counter  electrode.  The  elec¬ 
trolyte  consisted  of  a  solution  of  1  M  LiPF6  in  ethylene  carbonate 
(EC)/dimethyl  carbonate  (DMC)  (1:1,  w/w).  The  cells  were  tested  on 
a  multi-channel  battery  test  system  (NEWARE  BTS-610)  with  gal- 
vanostatic  charge  and  discharge  in  the  voltage  ranges  of  3.0-0.0  V 
and  3.0-1. 0  V. 

3.  Results  and  discussions 

Fig.  la  shows  the  XRD  pattern  of  the  pristine  LVP/C  composite. 
All  the  peaks  correspond  to  a  single  phase  and  can  be  indexed  as 
monoclinic  structure  with  space  group  ?2\\n.  On  the  other  hand, 
there  is  no  evidence  of  diffraction  peaks  from  carbon,  which  indi¬ 
cates  that  the  residual  carbon  is  with  an  amorphous  structure 
and/or  the  thickness  of  the  residual  carbon  on  the  LVP/C  particles 
is  too  thin  [13],  and  its  presence  does  not  influence  the  structure  of 
LVP.  The  grain  size,  D,  was  calculated  using  the  Scherrer’s  equation: 
D  =  0.9A ,/(/?  cos  0),  where  X  is  the  X-ray  wavelength  and  is  the  full- 
width-at-half-maximum  of  the  diffraction  peak  on  a  20  scale.  Based 
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Fig.  1.  XRD  patterns  of  the  LVP /C  anode:  (a)  pristine  LVP /C  composite,  and  at  poten¬ 
tials  in  the  first  discharge  process:  (b)  1.9  V,  (c)  1.8  V,  (d)  1.7  V,  and  (e)  1.6  V.  The 
pattern  (f)  corresponds  to  and  the  LVP/C  at  the  end  of  the  second  discharge  process 
(0.0V). 


on  diffraction  planes  of  (1  2 1 ),  (0  2  0)  and  (2  2  0),  the  mean  value  of 
grain  size  of  LVP  is  42  nm. 

The  SEM  image  of  the  LVP/C  composite  (Fig.  2a)  displays  an 
agglomerated  morphology  with  a  particle  size  of  about  5-8  p,m. 
The  particles  are  composed  of  many  intertwined  flake-shaped 
microstructures,  which  are  considered  to  be  porous.  This  morphol¬ 
ogy  is  beneficial  to  the  infiltration  of  electrolyte  and  to  keep  a  large 
contact  area  between  the  electrolyte  and  the  electrode.  The  pres¬ 
ence  of  amorphous  carbon  layer  is  well  illustrated  in  the  HRTEM 
picture  (Fig.  2b).  The  LVP  crystallites  appear  in  the  darker  regions, 
while  the  irregular-shaped  carbon  coating  surrounds  the  primary 
particles  of  LVP. 

At  a  current  density  of  0.013  mA cm-2,  the  charge-discharge 
profiles  of  a  LVP/C||Li  half-cell  in  the  voltage  range  of  3.0-0.0  V  are 
shown  in  Fig.  3a.  Four  plateaus  at  around  1 .95, 1 .86, 1 .74  and  1 .66  V 
during  the  first  discharge  process  are  observed.  They  should  corre¬ 
spond  to  a  sequence  of  phase  transition  processes  and  the  capacity 
at  each  plateau  is  about  30  mAh  g-1 .  Moreover,  these  four  plateaus 
can  also  be  seen  on  the  subsequent  charge-discharge  curves,  imply¬ 
ing  that  these  phase  transition  processes  are  reversible.  Then,  when 
the  cell  is  further  discharged  from  1.6  V  to  0.0  V,  a  sloping  pro- 


Fig.  2.  SEM  (a)  and  HRTEM  (b)  micrographs  of  the  LVP /C  composite. 
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Fig.  3.  Galvanostatic  charge-discharge  profiles  of  the  LVP/C  composite  at  a  current 
density  of  0.013  mA cm-2  in  the  voltage  region  of  3.0-0.0V  (a)  and  3.0-1.0V  (b). 
Insets  are  their  cycling  performance  at  a  current  density  of  0.1  mAcrrr2. 


file  is  measured,  indicating  a  solid  solution  behavior  (i.e.  single 
phase  region).  Obviously,  as  an  anode  material,  the  LVP/C  com¬ 
posite  shows  an  initial  charge  and  discharge  capacities  of  282.9 
and  450.3  mAhg-1,  respectively,  which  are  much  higher  than  the 
corresponding  capacity  values  of  the  LVP/C  cathodes  [8-10].  The 
irreversible  capacity  loss  (167.4 mAhg-1)  can  be  attributed  to  the 
formation  of  the  solid  electrolyte  interphase  (SEI)  film  on  LVP 
as  well  as  on  both  the  above-mentioned  amorphous  carbon  and 
acetylene  black  [12].  In  the  second  cycle,  the  charge  and  discharge 
capacities  are  254.3  and  274.8 mAhg-1,  respectively,  displaying 
a  largely  reduced  irreversible  capacity  loss  (20.5 mAhg-1).  At  a 
higher  current  density  of  0.1  mAcm-2  (inset  of  Fig.  3a),  the  dis¬ 
charge  capacities  for  the  1st,  2nd,  5th,  30th  and  50th  cycles  are 
329.8, 225.7, 209.7,  202.9  and  202.9  mAhg-1,  respectively,  and  the 
discharge  capacity  retention  rate  is  over  90%  from  the  2nd  to  the 
50th  cycle.  In  addition,  the  coulombic  efficiency  is  64.1  %  for  the  first 
cycle  and  close  to  100%  upon  progressive  cycling. 

It  should  be  noted  that  the  above  capacity  values  are  based 
on  the  total  mass  of  LVP/C  composite  (i.e.  88  wt%  LVP  and  12  wt% 


residual  amorphous  carbon).  We  have  evaluated  the  capacity  of 
such  residual  carbon  by  dissolving  the  LVP/C  composite  in  nitric 
acid  and  separating  C  for  electrochemical  measurement.  The  amor¬ 
phous  carbon  gives  a  stable  reversible  capacity  of  230 mAhg-1 
between  1.5  and  0.0  V.  The  detailed  study  for  the  carbon  evalua¬ 
tion  will  be  given  elsewhere.  In  addition,  the  conducting  additive 
acetylene  black  in  the  electrode  can  also  contribute  a  reversible 
capacity  of  150 mAhg-1  between  1.5  and  0.0 V  [14].  After  taking 
all  of  these  factors  into  account,  we  can  recalculate  the  quan¬ 
tities  of  lithium  insertion  and  extraction  in  LVP.  If  one  lithium 
ion  is  inserted  into  a  formula  of  Li3V2(P04)3,  the  correspond¬ 
ing  theoretical  capacity  can  be  calculated  as  66 mAhg-1.  Noting 
that,  when  LVP  is  used  as  the  cathode  material,  there  are  a 
sequence  of  phase  transition  processes  in  the  voltage  range  of 
3. 0-4.8  V  between  the  single  phases  LixV2(P04)3  (x  =  3.0,  2.5,  2.0, 
1.0  and  0)  in  the  charge  process.  On  the  other  hand,  during 
the  discharge  process,  it  shows  initially  a  solid  solution  behavior 
corresponding  to  two  lithium  insertion,  and  then  two-phase  behav¬ 
ior  takes  place  at  around  3.65  V  (Li2V2(P04)3  ->  Li25V2(P04)3) 
and  3.55  V  (Li2.5V2(P04)3  ->  Li3V2(P04)3).  Similar  to  the  LVP 
cathode,  therefore,  based  on  the  voltage  profiles  at  the  low 
current  density  of  0.013 mAcm-2  and  magnitude  of  capacities 
as  well  as  ex  situ  XRD  results  of  the  lithiated  LVP  products 
(as  shown  below),  the  whole  lithium  insertion  process  of  LVP 
anode  is  comprised  of  four  consecutive  two-phase  regions  fol¬ 
lowed  by  a  single  phase  region,  i.e.  (1)  approximately  0.5  Li+  is 
inserted  at  every  potential  plateau  around  1.95,  1.86,  1.74  and 
1.66V,  corresponding  to  the  composition  changes  Li3V2(P04)3 

Li3.5V2(P04)3  ->  Li4V2(P04)3  -*  Li4  5V2(P04)3  -*  Li5V2(P04)3;  (2) 
the  single  phase  region  between  1.6  V  and  0.0  V  corresponding  to 
2  Li+  insertion  from  Li5V2(P04)3  to  Li7V2(P04)3,  being  associated 
with  the  V2+/V+  redox  couple. 

Furthermore,  the  electrochemical  performance  of  the  LVP/C  in 
the  two-phase  regions  (between  3.0  V  and  1 .0  V)  at  a  current  density 
of  0.1  mAcm-2  is  illustrated  in  Fig.  3b.  As  discussed  above,  four 
plateaus  associated  with  the  V3+/V2+  redox  couple  correspond  to 
a  total  of  approximately  two  Li+  insertion/deinsertion.  The  LVP/C 
gives  rise  to  an  initial  charge  and  discharge  capacities  of  103.8  and 
127.9 mAhg-1,  respectively,  showing  an  irreversible  capacity  loss 
of  24.1  mAh  g-1  and  coulombic  efficiency  of  81 .2%,  which  are  much 
better  than  that  in  the  voltage  range  of  3.0-0.0  V.  Interestingly,  the 
LVP/C  in  this  voltage  range  possess  an  excellent  cyclic  reversibility 
with  almost  no  capacity  fading  from  the  2nd  to  the  50th  cycle  (inset 
of  Fig.  3b).  Also,  the  coulumbic  efficiency  is  near  100%  after  the 
second  cycle.  Patoux  et  al.  has  reported  that  a  rapid  capacity  fade 
occurs  in  this  voltage  range  due  to  vanadium  dissolution  into  the 
electrolyte  [15].  The  excellent  cycling  in  both  narrow  (3.0-1.0V) 
and  wide  (3.0-0.0  V)  voltage  ranges  achieved  in  this  study  may  be 
attributed  to  the  effect  of  carbon  coating  in  the  LVP/C  composite 
that  can  prevent  the  direct  contact  between  LVP  particles  and  the 
electrolyte  and  hence  minimize  the  vanadium  dissolution. 

In  order  to  elucidate  the  structural  changes  during  cycling,  ex 
situ  XRD  measurements  were  carried  out.  Fig.  lb-f  shows  five  ex 
situ  XRD  patterns  of  the  LVP/C  at  various  first  discharged  states 
of  1.9,  1.8,  1.7  and  1.6  V  as  well  as  at  the  end  of  the  second  dis¬ 
charged  state  (0.0  V).  It  can  be  seen  that  all  the  lithiated  LVP 
products  are  isotypic  with  LVP  (space  group  P2i/n),  which  means 
that  the  monoclinic  structure  of  LVP  is  very  stable  and  the  inser¬ 
tion/deinsertion  of  lithium  ions  can  proceed  reversibly.  For  patterns 
b-e  measured  at  each  end  of  four  plateaus  (see  Fig.  lb-e),  there  are 
not  any  obvious  difference  and  peak  broadening,  indicating  that 
microstructural  defects  or  a  nonuniform  distribution  of  local  strain 
do  not  exist  [16,17].  On  the  other  hand,  the  lattice  parameters  of 
samples  b-e  were  calculated  by  the  Unit  Cell  software  using  the 
least-square  method,  which  is  shown  in  Table  1.  With  increasing 
discharge  depth  ( 1.9  V^  1.6  V),  the  cell  volume  increases  slightly 
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Table  1 

Lattice  parameters  of  the  lithiated  LVP  samples. 


Samples 

a  (A) 

b(  A) 

c(A) 

P(°) 

Cell  volume  (A3) 

(b)  1.9  V 

8.605(0) 

8.585(0) 

12.062(4) 

89.977(9) 

891.093(5) 

(c)  1.8  V 

8.610(0) 

8.588(4) 

12.052(9) 

89.916(3) 

891.262(5) 

(d)  1.7  V 

8.596(5) 

8.593(1) 

12.109(0) 

90.252(2) 

894.493(8) 

(e)  1.6  V 

8.610(3) 

8.597(8) 

12.133(8) 

89.732(7) 

898.248(6) 

from  891 .093(5)  to  898.248(6)  A3,  thus,  the  corresponding  to  a  vol¬ 
ume  increases  by  0.8%,  which  is  very  small  and  implies  an  excellent 
cycling  reversibility  in  the  two-phase  regions.  In  addition,  an  extra 
small  peak  at  20  =  13°  is  observed  on  the  patterns  e  and  f,  corre¬ 
sponding  to  the  highly  lithiated  states  Lis V2(P04)3  and  Li7V2(P04)3. 
It  may  be  due  to  some  degree  of  possible  oxidation  of  the  sam¬ 
ples  when  they  were  exposed  in  air  during  the  XRD  measurement. 
Our  preliminary  analysis  on  this  impurity  phase  indicates  that 
it  is  a  lithium  vanadium  oxide  Li0.6Vi.67O3.67  (JCPDS  card  no. 
50-0230). 

4.  Conclusions 

The  LVP/C  composite  has  been  successfully  synthesized  by  the 
carbothermal  reduction  method  using  crystal  sugar  as  the  car¬ 
bon  source.  As  an  anode  material,  the  LVP/C  composite  exhibits 
stable  reversible  capacities  of  203  and  102  mAh  g-1  in  the  volt¬ 
age  range  of  3.0-0.0V  and  3.0-1. 0  V,  respectively.  During  the 
charge-discharge  process,  it  undergoes  a  sequence  of  phase  tran¬ 
sition  processes  among  four  individual  isotypic  monoclinic  phases 
Li*V2(P04)3  (x  =  3.0,  3.5,  4.0,  4.5  and  5.0)  in  the  voltage  range  of 
3.0-1. 6  V  and  a  solid  solution  Li5+yV2(P04)3  (y  =  0-2.0)  in  the  volt¬ 
age  range  of  1. 6-0.0  V.  Because  of  the  very  small  volume  change 


(less  than  1%)  and  thus  the  excellent,  the  carbon  coated  LVP  is  a 
promising  high  safety  anode  material  for  lithium  ion  batteries. 
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